Purpose The shoulder pain and disability index (SPADI) has been extensively evaluated for its psychometric properties using classical test theory (CTT). The purpose of this study was to evaluate its structural validity using Rasch model analysis. Methods Responses to the SPADI from 1030 patients referred for physiotherapy with shoulder pain and enrolled in a prospective cohort study were available for Rasch model analysis. Overall fit, individual person and item fit, response format, dependence, unidimensionality, targeting, reliability and differential item functioning (DIF) were examined. Results The SPADI pain subscale initially demonstrated a misfit due to DIF by age and gender. After iterative analysis it showed good fit to the Rasch model with acceptable targeting and unidimensionality (overall fit Chi-square statistic 57.2, p = 0.1; mean item fit residual 0.19 (1.5) and mean person fit residual 0.44 (1.1); person separation index (PSI) of 0.83. The disability subscale however shows significant misfit due to uniform DIF even after iterative analyses were used to explore different solutions to the sources of misfit (overall fit (Chi-square statistic 57.2, p = 0.1); mean item fit residual 0.54 (1.26) and mean person fit residual 0.38 (1.0); PSI 0.84). Conclusions Rasch Model analysis of the SPADI has identified some strengths and limitations not previously observed using CTT methods. The SPADI should be treated as two separate subscales. The SPADI is a widely used outcome measure in clinical practice and research; however, the scores derived from it must be interpreted with caution. The pain subscale fits the Rasch model expectations well. The disability subscale does not fit the Rasch model and its current format does not meet the criteria for true interval-level measurement required for use as a primary endpoint in clinical trials. Clinicians should therefore exercise caution when interpreting score changes on the disability subscale and attempt to compare their scores to age-and sex-stratified data.
Introduction
Musculoskeletal shoulder disorders are common in the general population [1, 2] . Outcomes of interventions for shoulder disorders can be measured through clinician-derived assessment as well as patient-reported outcome measures (PROM). A systematic review of outcomes reporting in shoulder disorders identified pain, range of motion and function as the most commonly assessed domains [3] . Recently developed consensus on a preliminary core outcome set for shoulder disorders has identified pain and physical function/ activity as two core outcome domains [4] . There are several PROMS which capture pain and physical function/activity. One such instrument is the shoulder pain and disability index (SPADI) [5] . First developed by Roach to capture pain and activity limitations in shoulder disorders, the SPADI is made up of a 5-item pain subscale and 8-item disability subscale. The original SPADI used a visual analogue scale which was subsequently converted to a numerical rating scale [5, 6] where each item is scored on an 11-point ordinal rating scale ranging from 0 (no pain/no difficulty) to 10 (worst imaginable pain/so difficult that it requires help). There is some discrepancy in the literature regarding the calculation of the total score with some advocating summing all 13 items and dividing by 13 and others calculating an average subscale score for the five pain and eight disability items separately which is then averaged [5, 7] . The latter method gives equal weight to each subscale.
The SPADI is short, easy to complete and score and has been widely adopted and recommended for clinical practice and research [6, 8, 9] . It has been studied in multiple contexts for its validity, reliability and responsiveness [6] [7] [8] [9] [10] [11] [12] [13] , using classical test theory (CTT). However, recent developments in the field of psychometrics and the scientific requirements for use of PROMs in clinical trials have highlighted that ordinal rating scales often do not meet the criteria for true interval-level measurement [14, 15] . Rasch analysis [16] is a relatively new approach based on item-response theory (IRT), which is increasingly used, both in the development of new and the testing of existing PROMs. Rasch analysis uses a one-parameter logistic regression model, also called the Rasch model, to test the fit between the observed data (the patients' responses on a scale) and the expected responses from the Rasch model. If the data fit the Rasch model then the data can be used to transform ordinal level scales into true interval-level measures [17] . It is particularly useful to assess the structural validity of a questionnaire which is an aspect of construct validity relevant in multi-item health-related PROMs. It is defined as the degree to which the scores from a scale are an adequate reflection of the dimensionality of the construct being measured [18] . Rasch analysis can identify several strengths and weaknesses in a rating scale. These include whether the scores produce true interval-level measures [19] ; whether the items in the scale measure a single construct (unidimensionality); whether items are locally independent; whether items map onto a hierarchical order of increasing difficulty and finally whether the scale is invariant, meaning that responses are reflective of the latent trait and not dependent on any other factors such as age or gender [20] . To date, only one study has applied Rasch model analysis to the SPADI disability subscale [21] and not to the pain subscale. Using BIGSTEPS software, the overall fit calibration of four shoulder function scales was assessed including the 8-item SPADI disability subscale only. The authors did not examine response thresholds, item dependence or response bias.
The purpose of this study therefore was two-fold: (i) to analyse the SPADI as a full scale; and (ii) to analyse its subscales separately with regards to evaluating the structural validity, in particular how well the scale or its subscales are targeted to patients with musculoskeletal shoulder pain, their response format, whether they show response bias, their dimensionality and to explore whether scale modifications are needed to improve their fit to the Rasch model.
Methods
The data for the Rasch analysis came from a large, prospective, multi-centre cohort study of patients referred to physiotherapy for treatment of shoulder pain at 11 primary or secondary care providers in the East of England. The full protocol and results have been described elsewhere [22, 23] . Patients were asked to complete a questionnaire booklet which included the SPADI. This analysis is based on the initial SPADI score collected at baseline and prior to treatment when shoulder-related pain and disability are most likely to be present. Patients were included in the study if they had musculoskeletal shoulder pain of any duration, were aged 18 years or older and had not undergone surgery in the previous 5 years for shoulder pain. Patients with fractures, dislocation, radiculopathy and other underlying systemic conditions causing referred shoulder pain were excluded.
Rasch analysis
All analyses were performed in RUMM2030 1 software for Windows 7. As the SPADI is a polytomous scale (uses two or more ordered response categories), two models can be used: the partial credit model and the rating scale model [24] . We followed recommendations by Lundgren Nilsson and Tennant for Rasch analysis of polytomous scales [25] and chose a partial credit model based on a highly statistically significant Likelihood ratio Test (p < 0.001). This assumption was also re-tested at subscale level.
Test of fit
Overall fit with the Rasch model was assessed by examining the extent to which the patients' responses correspond to the expectations of the Rasch model. The total item-trait Chi-square statistic was used to assess overall fit where a statistically significant result p < 0.05 indicates misfit [26] . Individual item and person standardised fit residuals were also examined. These summarise the difference between observed and expected values (item-person interaction). Individual item and person fit residuals localised within ± 2.5 logits were considered as fitting the model [26] .
Threshold order
Category probability curves were used to examine how well the response categories were used by respondents and to identify disordered thresholds, which can be a source of misfit of items [26] . A common reason for disordered thresholds is that participants cannot consistently discriminate between the available response options [25] . Potential solutions include collapsing adjacent categories by re-scoring the responses with fewer categories and to examine if this improves the overall fit of the model [26] .
Unidimensionality
To test the assumption of unidimensionality, a prerequisite to summing items into a total score, the principal components of the residuals were examined. Items with positive and negative loadings > 0.3 on the first component are used to make up two subsets. Independent t-tests are then used to compare the person estimates on each subset. If the number of significant t-tests exceeds 5%, the scale is deemed to exhibit multidimensionality [27] .
Local dependency
Dependency occurs when items either duplicate each other (redundancy) or they share some other underlying trait which may also contribute to multidimensionality [25] . Residual correlations between any two items greater than 0.2 were used to indicate where any two items may be locally dependent [25] . Local dependence can artificially inflate reliability [28] A possible solution to dependency is to create so-called 'testlets' where two or more locally dependent items are combined generating a summary score or 'super item' [29] .
Differential item functioning (DIF)
Finally we examined whether responses differ by some other factor or variable called differential item functioning (DIF) [30] . Where differences are consistent across groups, for example, gender, this is termed uniform DIF and can be adjusted for by splitting items thus generating separate location estimates for men and women. Non-uniform DIF arises from random differences and cannot be resolved. We examined the item characteristic curves (ICC) visually for DIF by two person factors: gender (men; women) and age (≤ 59 years; 60 and above) and used an ANOVA test to assess statistically significant uniform and non-uniform DIF. P-values were adjusted for multiple comparisons [31] . The cut-off for age was determined a priori. Median age was 58 years, and a cut-off at ≤ 59 years and 60 years or over produced similar-sized subgroups.
Targeting
In clinical practice, it is important that the outcome measure used is appropriate for the population, referred to as targeting. The person-item threshold distribution was examined graphically and assessed statistically using summary statistics for item and person fit. Ideal mean values should be close to 0 with a SD not exceeding 1 [28] . Distribution of responses across the available categories was also examined for any evidence of floor or ceiling effects.
Reliability index
A scale's ability to discriminate between respondents is expressed as a person separation index (PSI) and is used as an alternative to Cronbach alpha [26] . A PSI of 0.7 is considered the lowest level acceptable and indicates that the scale can statistically discriminate between at least two groups. A higher PSI indicates greater reliability with values greater than 0.8 indicating that the scale can discriminate between at least three groups and 0.9 between four or more groups [32] .
Results
Baseline SPADI data were available on 1030 patients with musculoskeletal shoulder pain (mean total SPADI score = 48, SD = 22) who had not been treated surgically. The mean duration of shoulder symptoms was 14 months (SD = 28 months) and mean pain at rest was 3 points on a 0-10 numerical rating scale. Mean age was 57 years (SD = 15) and 54% of patients were women. Mean body mass index was 27 (SD = 5) and 13% were smokers. Less than 2% reported being off work due to the shoulder problem, although 12% had taken some time off work in the previous year. Fifty-eight percent of participants were in some form of employment or education and 36% of participants were retired.
Rasch analysis of full SPADI
The initial analysis of the 13-item SPADI revealed significant misfit to the RASCH model (χ 2 = 301.7; p < 0.00001) ( Table 1 , analysis stage 1.) Dimensionality of all 13-items together was assessed by Principal Component Analysis (PCA) of the residuals. High negative loadings (> 0.3) were seen for four out of the five items in the pain subscale and high positive loadings (> 0.3) for six of the eight items on the disability subscale. T-tests between the two subsets of negatively and positively loaded items identified 10.1% of t tests to be significant, meaning it does not meet the assumption of a unidimensional scale. Given the existing evidence from exploratory factor analysis of the full SPADI which indicates that it is bidimensional [5, 6, 12, 33] , all subsequent analyses were done by subscales with P1-P5 making up the pain subscale and items D1 to D8 the disability subscale.
Rasch analysis of the SPADI pain subscale
Initial analysis of the 5-item pain subscale revealed overall good fit to the Rasch Model. The total item-trait Chi-square statistic was not significant (see Table 1 , analysis 2), and response thresholds for all five items were ordered. Pain at worst (P2) showed some misfit (fit residual + 2.74). On closer inspection, individual person fit statistics revealed 9 persons for whom fit residuals could not be calculated. They all endorsed the highest category (score of 10) for all 5 items. A further 8 persons had fit residuals + 2.5 on two items. Given the large sample size these 17 persons were deleted from the analysis which improved overall fit (Chisquare statistic 57.2, p = 0.1) and individual item fit statistics ( Table 2) .
PCA of the residuals and equating t tests as described previously confirmed a unidimensional subscale and there was no local dependence (any correlations > 0.2) between items.
We examined the pain subscale for differential item functioning and found statistically significant uniform DIF by age for P1 'pain at worst' (p < 0.001) and by gender for P5 'pain when pushing with involved arm' (p < 0.001). Figure 1 shows the item characteristic curves for these two items. For P1 'pain at worst' people aged ≤ 59 years had slightly higher pain (mean 7.37) than people aged 60 or over (mean 7.02). For P5 'pain when pushing with the involved arm' women report higher pain (mean 5.36) than men (mean 4.32).
Mean item fit residual was 0.19 (SD = 1.5) and mean person fit residual was 0.44 (SD = 1.1). All items had fit residuals within the ± 2.5 threshold.
Targeting of the items to persons was good (see Fig. 2 ); however, it provides limited information at the extremes of the sample distribution (highlighted by different width arrows) especially for those with higher pain. Reliability was high with a person separation index (PSI) of 0.83 indicating that the scale can discriminate statistically between three or more groups.
Rasch analysis of SPADI disability subscale
Initial analysis of the 8-item disability subscale showed considerable misfit to the Rasch model (see Table 1 , analysis 4). Sources of misfit were explored by examining response thresholds, item-to-item correlations for dependence and differential item functioning.
Response thresholds were disordered for three items: 'washing your hair' (D1), 'putting on a shirt that buttons at front' (D4) and 'putting on trousers' (D5) indicating that patients cannot adequately discriminate between the 11 response options. Three items had fit residuals outside the ± 2.5 threshold and a significant Chi-square probability (p < 0.0001). These were D1 'washing hair (− 2.56); D3 'putting on a jumper' (fit residual − 3.61) and D7 'carry a heavy object' (fit residual + 7.2).
As described for the pain subscale, 'misfitting' persons were identified and 16 deleted from the analysis (Table 1,  analysis 5) .
A number of re-scoring options were explored to obtain ordered thresholds. Using a re-score of 00112233445 for all eight items achieved an ordered threshold map (see Fig. 3 ).
There was no dependence between items (correlations > 0.2) and unidimensionality was confirmed by t tests between positive and negative loading items with only 2.96% significant below the 5% level. However, three items D1, D4 and D7 still had fit residuals outside the ± 2.5 threshold.
Significant uniform DIF was also observed for item D7 'carrying a heavy object' by gender and age. Deleting this item improved overall fit (see Table 1 , analysis 7) with only one item D3 'putting on undershirt of jumper' showing misfit (residual − 3.1). Finally we explored the option of deleting item D3 given that a negative fit residual usually indicates redundancy [34] . This 6-item version showed reasonable fit to the Rasch model with item and person fit residuals within acceptable thresholds (see Table 3 ). However, significant uniform DIF is still evident for D1 and D4 by gender and D5 by age. Washing hair and putting on a shirt were slightly more difficult for women than men (see Fig. 4 ) and putting on trousers was more difficult for those aged 60 or over. The mean and standard deviation of the fit residuals however lies outside the threshold for ideal values, and there are fewer items available at the extremes (see Fig. 5 ) suggesting a ceiling and floor effect. The 6-item version retains a high person separation index (PSI = 0.84) meaning it can discriminate between at least 3 groups.
Discussion
This study provides strong support for the structural validity of the pain subscale of the SPADI but only moderate support for the disability subscale with modifications based on the Rasch model. The SPADI in its traditional format using an 11-point rating scale for all five pain and eight disability questions which are summed into a single score does not meet the expectations for interval-level measurement and shows significant misfit with the Rasch model. Firstly, combining the 13 items into a total score does not meet the assumption of a unidimensional scale. This concurs with findings from several factor analyses that have indicated that the SPADI has at least two dimensions [9, 12] . Recently, data on the SPADI and Oxford Shoulder Score collected in a large randomised controlled trial comparing shoulder surgery with rest and exercise were analysed using exploratory and confirmatory factor analysis [8] . The fit of both one-and two-factor hypothesised models was assessed, and the authors conclude that both a single-factor 13-item structure and two-factor pain and disability structure are supported and that the SPADI pain and disability subscales are suitable as primary endpoints. Our findings using Rasch analysis do not support the notion of a single underlying factor which concur with several other studies [5, 6, 33 ] that identified at least 2 dimensions with most of the pain items loading on the first factor and the majority of the disability items on the second factor. Therefore the SPADI constructs of pain and disability should be treated as two separate subscales.
The pain subscale on its own shows good fit to the Rasch model. Applying the concept of an 11-point numerical rating scale for pain (0 = no pain and 10 = worst pain imaginable) appears to work well as response threshold were ordered throughout and there was a good distribution of responses across the available response categories. However, two of the five items show response bias by age or gender. Since the impact of sex and gender on pain is complex and not fully understood, it is unclear why these differences exist [35, 36] . It is important to also consider the clinical significance, i.e. the magnitude of differences. Given that the minimal clinically important difference on an 11-point numerical rating scale for pain is at least 2 points [37] then a difference of 0.35 points could be considered negligible. However, uniform DIF by gender on the item pain when pushing with involved arm' is just over 1 point. The implication for practice is that this item may need to be scored separately by gender.
The pain subscale demonstrates good reliability with an ability to distinguish statistically between at least three or more groups of severity, and the items are well targeted to persons but limited information is provided at the extremes especially those with high pain.
On the other hand, the disability subscale made up of eight items showed significant misfit to the Rasch model. Firstly, patients found it difficult to distinguish between the 11 response categories on at least 3 items. Collapsing the 11-point scale for all eight items into a six-point scale resulted in ordered thresholds. We applied the same scoring algorithm to all eight items (00112233445) as this makes it easier within a busy clinical setting. It is also worth noting that the anchors for the scale range from the descriptors of 'no difficulty' to 'so difficult it requires help' and may be part of the problem in optimising scaling. It could be argued that requiring help is not as severe as being unable to carry out the activity and may also be dependent on the availability of help. Other disability measures often use 'unable to do' as a final anchor. Whilst an 11-point numerical rating scale appears to work well for pain severity, this number of categories may be too many when rating function, although it may be less of a problem if the anchor was changed. It has been suggested that between 5 and 7 Likert-type adjectival responses are less burdensome for patients [38] and may be more appropriate for rating function. On the other hand, the 0-10 scale is familiar to patients, and supports simple scoring.
Even after re-scoring three items still showed significant misfit. This was most marked for item D7 'difficulty carrying a heavy object' which has a high positive fit residual indicating that it under discriminates. It also shows response bias by gender with a 1-point difference between men and women equating to 17% on the re-scored 6-point ordinal scale. Our findings concur with gender differences in strength-based items observed in other upper limb PROMs, for example, the Simple Shoulder Test [39] and the Patient-Rated Wrist and Hand Evaluation [40] . It has been suggested that results of males and females should be considered in a disaggregated analysis to ensure that results are equally valid for both sexes [41] . The findings in this study and others that report gender-bias in musculoskeletal measures provide further support for the importance of sex-disaggregated analyses. Rasch analysis of the disability subscale by Cook et al. [21] similarly identified D7 'difficulty carrying a heavy object' as misfitting alongside D4 'putting on shirt that buttons at the front' and D8 'removing something form your back pocket'. Reasonable overall fit was achieved when deleting two items and could be one solution [25] ; however, this can result in loss of clinically important information and affect targeting. The disability subscale in its current format does not provide true interval-level measurement, and further studies using Rasch model analysis need to be conducted to explore whether our findings can be replicated before adjustments are made to the SPADI disability subscale.
Our analysis of the structural validity of the SPADI subscales using the Rasch model concerns only one aspect of construct validity. It does not address other psychometric properties such as content validity, known-groups validity, test-retest reliability or responsiveness. The SPADI has been Fig. 4 Item characteristic curves for items D1 'washing hair' and D4 'putting on a shirt' by gender and D5 'putting on pants' by age extensively studied using classical test theory approaches, and there is strong support with regards to its test-retest reliability (coefficients ranging from 0.66 to 0.95), its ability to discriminate between known groups and its responsiveness to change (pain subscale effect size = 2.1, disability subscale effect size = 1.8) [9] . However the content validity of the SPADI has not been investigated. The SPADI was developed in the 1990s and items were selected by a panel of clinical experts consisting of 3 rheumatologist and one physical therapist. It does not meet current criteria for PROM development [42, 43] which recommend the use of in-depth interviews with patients to elicit key concepts as well as cognitive interviews to assess patient understanding of the new PROM. However, these standards were not in place when many PROMS used today were developed.
The SPADI has been translated for use in several countries including Turkish, Persian, Dutch, Danish, Arabic and German; however, none of the studies have examined it for differential item functioning by comparing responses across countries or used cognitive interviews to assess its content validity.
A number of participants were identified as 'extreme' when examining individual person-by-item fit statistics. They included participants who endorsed the highest score on one or both subscales (score of 10). Further examination of their clinical characteristics did not identify any consistent pattern with regards to gender, age or work status other than they all had low pain self-efficacy scores. It is also possible that patients did not read or fully understand the instructions and as the SPADI questionnaires were selfcompleted by patients there was no opportunity to clarify patient responses.
Clinical implications
The SPADI is a widely used outcome measure in clinical practice and research; however, the scores derived from it must be interpreted with caution. Firstly it should be treated as two separate subscales-a five-item pain subscale and an 8-item disability subscale. The pain subscale is based on an 11-point ordinal scale applied to each of the five questions which can be summed into a total score. However, two items show response bias by age and sex. This means that, for example, a score of 5 for pain when pushing with the affected arm cannot be interpreted in the same way in men and women. It may be more meaningful to look at the change in score before and after an intervention.
The disability subscale showed significant misfit to the Rasch model which makes the interpretation of the summed score more problematic. Firstly, its eight items have to be re-scored using a shorter 6-point ordinal scale. Secondly, several items show response bias by age and gender. Only when deleting tow items could overall fit to the Rasch model be achieved. This means that a summed score from the disability subscale in its current format cannot be treated as interval-level measurement. Deletion of some items does resolve this misfit; however, this would result in a scale covering fewer items and which gives less clinical information upon which to plan treatment. Similarly, patients may consider the scale less relevant to their problems if it does not contain certain items. It also makes it difficult to compare results reported using the original scale with those from any revised versions. Clinicians should therefore exercise caution when interpreting score changes on the disability subscale and attempt to compare their scores to age-and sex-stratified data.
Strengths and limitations
Our analysis is based on a large and relatively homogenous sample size of patients with musculoskeletal shoulder pain prospectively recruited to a multi-centre observational study from across a large geographical region in the UK. The power of analysis of fit was excellent; however, large sample sizes (> 500) can lead to inflated significance on the total item-trait Chi-square statistics [44, 45] . RUMM2030 has a function for adjusting sample sizes and when using only half the sample (n = 507) the total item Chi-square statistics was not significant (Chi-square = 39.4, df = 54, p = 0.93); however, this does not alter the individual item fit statistics. Although the Rasch model is sample independent, this only applies if the data fit the Rasch model and Rasch studies by different authors do not always agree. Therefore a single study using Rasch model analysis is not sufficient justification to recommend modifications to a well-established PROM such as the SPADI, and further studies are needed including patients with a wider range of shoulder conditions.
Conclusions
Rasch Model analysis of the SPADI has identified some strengths and limitations not previously observed using CTT methods. The SPADI should be treated as two separate subscales for pain (five items) and disability (eight items). The pain subscale fits the Rasch model expectations well with the exception of some response bias by age and gender for some items. To accommodate this differential item functioning, separate scores have to be calculated by gender and age groups.
The disability subscale showed significant misfit to the Rasch model. Whilst some sources of misfit could be addressed by using fewer response categories (re-scoring), generating separate item location estimates for men and women and by age to accommodate DIF or even deleting misfitting items, further Rasch analysis using samples with a wide range of shoulder conditions is needed before modifications are made to the SPADI disability subscale. At present the disability subscale does not meet the criteria for true interval-level measurement required for use as a primary endpoint in clinical trials.
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